Abstract: Two hundred and forty 1-d-old Arbor Acre female broilers were used to study the effects of alfalfa flavonoids (AF) on broiler performance, meat quality, and gene expression. Chicken were fed with basal diet supplemented with AF at 0, 5, 10, or 15 mg kg −1 diet for a period of 42 d. Growth performance, meat quality, antioxidant effect and lipoprotein lipase (LPL), adipose triglyceride lipase (ATGL), peroxisome proliferator-activated receptor γ (PPARγ), and fatty acid synthase (FAS) gene expressions were investigated. Results showed that AF inclusion in the diet enhanced the body weight (BW) at 42 d of age and the average daily gain from 0 to 42 d, decreased the total cholesterol (TC) and low-density lipoprotein cholesterol (LDL) levels and increased HDL level in the serum, enhanced the superoxide dismutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC), and glutathione peroxidase (GSH-Px), and decreased the malondialdehyde (MDA) concentrations in the serum. Also, AF supplementation decreased the abdomen fat rate, marble, and the drip loss and storage loss after the storage for 96 h. Gene expressions' results showed that AF inclusion decreased the FAS expression and increased the LPL, PPARγ, and ATGL expressions in the liver and adipose tissues, especially when the AF inclusion level was 15 mg kg −1 diet. These results indicate that AF were found to be effective for average daily gain and breast percentage promoting, meat quality and antioxidant activity improvement via upregulating the LPL, ATGL, PPARγ, and downregulating the FAS expression in adipose and liver tissues.
Introduction
In recent years, more and more antibiotics were banned as growth promoters in animal feed because increased concerns were focused on the food safety, environment contamination, and general health risks; these resulted animal scientists and animal producers searched for growth-promoting, meat quality-improving, and immune system-strengthening alternatives. At present, plant extracts are being paid great attention to as feed additives for their advantage of being natural. How to make good use of the wild plant, especially to those extracts, are most important things in the modern life.
Flavonoids are widely distributed in the plants; from 1814 to now, over 6000 kinds of flavonoids were found and purified from the nature (Hichri et al. 2011) . These flavonoids exhibit various biological activities such as antioxidant, antitumor, and immune regulation (Georgiev et al. 2014) . In animal production, flavonoids have growth-promotion, reproduction-enhancement, and immune-improvement functions (Surai 2014) . Alfalfa (Medicago sativa) is high-protein, high-Ca, and high-fiber feedstuff, and is an important forage species for animal feeding which is widely used due to its high adaptability, forage yield potential, and good forage quality characteristics (high intake and digestibility, high-protein content, and relatively low-fiber content; National Research Council 1994). Also, it contains many functional components such as polysaccharides, saponins, leaves protein concentrates, and flavonoids, and it has been reported to contain a relatively large amount of tocopherol that is primarily in the alpha form. Many researches showed that alfalfa could improve the growth, and improve the feed efficiency (Kass et al. 1980; Xu et al. 2006) , improve the meat quality (Ponte et al. 2004) , improve the antioxidizing action (Zhu et al. 2006) , decrease the cholesterol level in the yolk, meat, and serum . But few studies were done on the effects of the total flavonoids from alfalfa on the performance, meat quality, and gene expression in broilers (Dong et al. 2011 ). Here, we conducted an experiment to investigate the alfalfa flavonoids (AF) on the performance, meat quality, and gene expression in broilers to further understand the AF's function.
Materials and Methods

Alfalfa flavonoids preparation
Flavonoids were prepared with ultrasonic extraction (extraction conditions: ultrasonic power was 160 W, extraction temperature was 60°C, extraction time was 4 h, and solid to ethanol ratio was 1:40), freeze drying, vacuum concentration, and polyamide polymer purification from the alfalfa powder as we described previously (Ouyang et al. 2013) . The flavonoids were polysavone, apigenin, and 7,4′-dihydroxyflavone.
Experimental procedure, animals, and diets A total of 240 Arbor Acres female broilers at 1 d of age were selected and randomly divided them into four groups; each treatment group was represented by four replicates of 15 birds each. One group was fed with basal diet (Fla0), the other three groups were fed with the top basal diet supplement of 5, 10, and 15 mg flavonoids per kg diet (Fla5, Fla10, and Fla15), respectively (Table 1) . Management was conducted according to the Management and Feeding Handbook of AA broilers. The feeding trial lasted 42 d, and the feeding program consisted of two diets: a starter diet from 0 to 21 d and a grower diet from 22 to 42 d (Table 1) . The birds were raised in cages equipped with nipple waterers and tube feeders. Feed and water were provided for ad libitum consumption. Fresh diets were prepared and supplied each day. The room had common ventilation and air conditioning systems, and room temperature was kept at 32°C for the first week and then gradually reduced to 23°C according to normal management practices. The lighting program 
Production performance measurements
Feed consumption on cage basis was recorded daily; each bird was weighed at the end of the each week; and average daily gain and feed to gain ratio (F:G) were calculated. Approval of this experiment was obtained from the Institution Animal Ethics Committee of Jiangxi Agricultural University.
Chemical analysis
The contents of crude protein (CP), calcium (Ca), and available phosphorus (P) in diets were analyzed according to standard procedures described by the Association of Official Analytical Chemists (AOAC 1995) . Energy values of the diets were calculated as metabolizable energy (ME) according to the methods described by Krogdhal (1985) .
At the end of experiment, 12 chicks from each treatment (three chicks per cage) were killed by cervical dislocation; blood was sampled in tube and then centrifuged at 3000g for 20 min using a refrigerated centrifuge at 4°C to separate the serum, and the liver and abdomen adipose tissues were isolated. Then, the carcasses from each chicken were longitudinally cut and divided into two groups (left and right sides). After that, to study the composition and meat quality of the chicken meat, the breasts from each chicken were deboned and peeled with hand, and vacuum packed in high-barrier multilayer bags (Aymerich et al. 2008) and immediately stored at −20°C until analysis.
Triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL), and high-density lipoprotein cholesterol (HDL) in serum were determined according to the instructions from the kits, and all the kits were bought from Zhejiang Dong-Ou Bio-engineering Co. Ltd. (Zhejiang, China). The activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC), and malondialdehyde (MDA) were quantified using the commercial kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The procedures were carried out according to the descriptions in the assay kits.
Carcass merits and regular meat quality analysis Carcass merits Carcass yield, breast percentage, leg muscle percentage, and abdomen fat percentage were calculated as described previously (Zhang et al. 2005) , where BW is body weight:
Carcass yield = slaughter weight=living BW Breast percentage = breast weight=living BW Leg muscle percentage = leg muscle weight=living BW Abdomen fat percentage = abdomen fat weight=living BW
Regular meat quality
Regular meat quality analysis was possessed according to the procedures we have previously reported (Ouyang et al. 2011) . Briefly, 2 h after slaughter, a piece of breast meat was used to assess the color according to the standard five-grade chart. To determine the water holding capacity and drip-loss detection, 4 g (M1) fresh breast meat was used and was placed between paper handkerchiefs (upper and lower layers consisted of 18 pieces). Thirty-five kilograms of pressure was added to the handkerchiefs with a steel ring, 5 min later, the meat was weighed again (M2) to calculate the water capacity and drip loss [(M1−M2)/M1 × 100%]. To measure tenderness, a piece of fresh breast meat was cut 1 cm wide, 0.5 cm thick (the meat was free of tendon, fat, and muscle membrane). We determined tenderness with a C-LM2 tenderness detector (Tenovo International Co., Ltd., Beijing, China); the measurement was repeated three times and the means were calculated (Ouyang et al. 2011) . To determine storage loss, 2 h after slaughter, a piece of breast meat was cut 5 cm long, 3 cm wide, and 2 cm thick and weighed; it was then hitched with wire at one end and placed in a food pocket. The piece of breast meat was then hung in a refrigerator at 4°C for 48 and 96 h; it was weighed after 48 h and after 96 h and the means were calculated. To determine pH, 45 min after slaughter, a portable pH detector was used (pHS-25, Hangzhou Sinomeasure Automation Technology Co., Limited, Hangzhou, China).
RNA extraction and Q-PCR
For RNA isolation and first-strand cDNA synthesis, total hepatic and adipose RNA were isolated from small pieces of livers and adipose tissues (50-100 mg) using Trizol (Promega company). RNA was reverse transcribed using the Easyscript (TransGen Biotech, China). As many as 50-5 μg of total RNA was mixed with 10 μL 2× ES Reaction Mix, 1 μL Anchored Oligo (dT) 18 (0.5 μg μL −1 ), 1 μL Easyscript TM RT/RI Enzyme Mix, and nuclease-free water in a total volume of 20 μL. The mixture was incubated for 42 min and heated at 80°C for 5 min. The cDNA was stored at −20°C until it was used for quantitative PCR. Quantification of mRNA transcript was performed using qPCR Master mix Plus Kit for SYBR Green (TaKaRa Biotechnology, China) with the gene-specific primer on the Bio-Rad CFX96 real-time PCR system. Relative transcript quantities (RQ) were calculated from the equation RQ = 2 −ΔΔCT (fold) according to the ΔΔCT method (Livak and Schmittgen 2001) . The total 25 μL reaction mixture consisted of 1 μL cDNA, 0.5 μL FP (10 μM), 0.5 μL RP (10 μM) (Table 2) , 12.5 μL 2× Taq PCR Master Mix, and ddH 2 O 10.5 μL. The PCR consisted of the following steps: 50°C for 2 min to prevent from carrying over of DNA and a denaturation step for 2 min at 95°C, followed by 31-34 cycles (LPL, PPARγ, FAS 31 cycles, ATGL 34 cycles, and GAPDH 32 cycles) of denaturation at 94°C for 30 s, annealing for 15 s at 61°C, and primer extension at 72°C for 40 s. LPL, PPARγ, ATGL, and FAS expressions were examined and normalized to constitutive gene (GAPDH; Table 2 ). All samples were assayed in triplicate.
Western blot
Western blotting was performed according to the standard procedures. Briefly, tissue extracts (25 mg protein per well) were loaded onto 10% Bis-Tris gels and separated by SDS-PAGE. Proteins were transferred to polyvinylidene difluoride membranes, which were blocked overnight at 48°C in 50 mL L −1 nonfat dry milk in Tris-buffered saline with 1 mL L −1 Tween-20.
Membranes were incubated for 2 h in 10 mL L −1 nonfat dry milk with primary antibodies (1 g L −1 ): goat anti-LPL, and mouse anti-ATGL, rabbit anti-FAS, rabbit antiperoxisome proliferator-activated receptor γ (PPARγ), or rabbit anti-GAPDH. After three washes, membranes were incubated for 1 h with secondary antibodies. After six washes, membranes were scanned using an Odyssey Imager and analyzed using Odyssey software v1.2 (both from LI-COR). Data are expressed as fluorescence intensity normalized to constitutive gene GAPDH.
Statistical analysis
The results were expressed as means ± standard error of the mean (SEM). One-way ANOVA was performed using the general linear model (GLM) procedures of SAS (SAS Institute Inc. 1989) . Comparison of treatment means was based on Duncan's multiple range tests. A significant level of P < 0.05 was applied in all cases.
Results
Effect of AF on the performances
Effects of AF on the growth performances in broilers are presented in Table 3 . As shown in Table 3 , no significant differences were observed for BW at 21 d of age, average daily gain (ADG) from 0 to 21 d, feed to gain ratio (F:G) from 0 to 21 d and 0 to 42 d between the treatments, but broilers fed with basal diet + 15 mg flavonoids per kg diet had higher ADG and BW at 42 d of age than those broilers fed with the basal diet (P < 0.05).
Effects of AF on the lipid profile and antioxidants in serum Table 4 presents the effects of AF on the lipid concentration and antioxidant function in serum at 42 d of age. Compared with the control group, inclusion of 15 mg flavonoids per kg diet decreased the TC and LDL levels (P < 0.05) and increased the HDL level (P < 0.05). Meanwhile, inclusion of flavonoids could decrease the TG level, but no significance was observed when compared with the control group.
It was found that inclusion of AF could improve the chickens' antioxidant functions (Table 4) . SOD, T-AOC, and GAH-Px levels in the serum of the chicken with 15 mg flavonoids per kg diet were higher than those of the chickens with basal diet (P < 0.05); CAT level in the serum of the chicken with 10 and 15 mg flavonoids per kg diet was higher than that of the chicken with basal diet (P < 0.05 and P < 0.01); and the effect of the 15 mg flavonoids per kg diet is the best. As shown in Table 4 , AF supplementation could decrease the MDA level in the serum. Compared with the control group, MDA Note: Values with letters differed significantly (P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 1 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids per kg diet. 
levels in chicken with 10 and 15 mg flavonoids per kg diet were lower than the control group (P < 0.05), and the effect of the 15 mg flavonoids per kg diet is the best.
Effects of AF on the carcass merits and regular meat quality Carcass merits Table 5 lists the AF inclusion on the carcass merits of the birds. To the carcass merits, compared with the control group, inclusion of 10 and 15 mg AF per diet increased brisket percentage (P < 0.05), and the result of the 15 mg AF is the best, also AF could increase carcass yield and leg muscle percentage, but no significance was observed among the groups. Meanwhile, inclusion of 10 and 15 mg AF per diet decreased the abdomen fat percentage when compared with the control group (P < 0.05), and the result of 15 mg AF treatment was the best.
Regular meat quality Table 6 presents the AF inclusion on the regular meat quality. AF inclusion did not affect the meat color, water capacity, tenderness, pH value, and the storage loss after Note: Values with letters differed significantly (P < 0.01 or P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 10 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids per kg diet. Note: Values with letters differed significantly (P < 0.01 or P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 10 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids per kg diet. Note: Values with letters differed significantly (P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 10 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids per kg diet. 24 h in the meat (P < 0.01). But inclusion of AF could improve the drip loss and storage loss after 96 h when compared with the control group, and the basal + 15 mg flavonoids per kg diet is the best.
Effect of AF on Gene mRNA expression
The mRNA expression levels of LPL, ATGL, PPARγ, and FAS were determined in liver and adipose tissues isolated from the previously described animals. In liver tissue, AF did not affect the expression of LPL (Fig. 1) but could affect the expressions of ATGL, PPARγ, and FAS mRNA. With the inclusion of 10 and 15 mg flavonoids per kg diet, the expressions of ATGL and PPARγ increased (P < 0.05 and P < 0.01) compared with the basal diet and the basal diet + 5 mg flavonoids groups, even though inclusion of 5 mg flavonoids also increased ATGL and PPARγ expressions compared with the basal diet (P > 0.05). To determine FAS mRNA expression, inclusion of 15 mg flavonoids per kg diet was lower than that of the control group (P < 0.05).
In adipose tissue, after treatment with AF extract, the expression levels of LPL, ATGL, and PPARγ were increased. On the other hand, the FAS gene expression level was significantly reduced (Fig. 2) . When compared with the control group, inclusion of 15 mg flavonoids per kg diet significantly upregulated the LPL and PPARγ genes expressions (P < 0.05), and also inclusion of 10 and 15 mg flavonoids per kg diet significantly increased the ATGL gene expression, and the 15 mg flavonoids is the best. To determine FAS, 15 mg flavonoids per kg diet significantly downregulated the gene expression compared with the basal diet group (P < 0.05).
Effect of AF on protein expression
The effect of AF on the protein expression is presented in Figs. 3, 4 . Results showed that in the liver and adipose tissues, AF inclusion enhanced the LPL and PPARγ protein expressions, and the effects of 15 mg flavonoids per kg diet were the best when compared with the control group (P < 0.05), but no significant difference was observed to ATGL protein expression among the treatments (P > 0.05). Whereas in adipose tissues, inclusion of 10 and 15 mg flavonoids per kg diet significantly increased the protein expression compared with the basal diet (P < 0.05, P < 0.01). AF also reduced the fatty acid synthase (FAS) protein expression in liver and adipose tissues; in liver, 15 mg flavonoids per kg diet significantly decreased protein expression compared with the basal diet (P < 0.01), whereas in adipose tissues, 15 mg flavonoids per kg diet significantly decreased protein expression compared with the other three groups (P < 0.05, P < 0.01).
Discussion
Flavonoids are a well-known group of natural compounds, and more than 6000 different types have been identified, and surely, this number will increase. Studies on flavonoids suggest that flavonoids have multiple functions in different biological systems for their chemical structure variations. It is generally accepted that flavonoids have anti-inflammatory, antitumor, antioxidation, and estrogenic stimulation effects, and more importantly, are considered as safe (Galati and O'Brien 2004) . It is reported that alfalfa was rich in flavonoids and has many biofunctions. Here, we reported that inclusion of AF could improve the birds' growth performances when compared with the control group, especially when the inclusion level was 15 mg per kg diet. Ouyang et al. (2013) reported that inclusion of alfalfa flavones could improve the Chongren chicken's growth Fig. 1 . Results of relative optical density of HSL, PPARγ, ATGL, and FAS mRNA in liver (mean ± SEM). Different uppercased or lowercased letters in the same row indicate that means differed significantly (P < 0.01 or P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids; Fla10: basal diet + 10 mg flavonoids; Fla15: basal diet + 15 mg flavonoids. Fig. 2 . Results of relative optical density of HSL, PPARγ, ATGL, and FAS mRNA in adipose (mean ± SEM). Different lowercased letters in the same row indicate that means differed significantly (P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 10 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids per kg diet. performances; Xie et al. (2002) also demonstrated that inclusion of flavonoids increased the chicken's growth performances; and Zhu et al. (2008) found that alfalfa isoflavone increased average daily body and stomach weight gain of mice. The reason for the growth promotion may be that flavone could upregulate the combination of growth hormone and hepatic growth hormone receptor and then result in the insulin-like growth factor of −1 concentration increase, which promotes the animal growth. Besides that, isoflavone could promote the protein synthesis in the muscle and induce the growth promotion (Kamboh and Zhu 2013) .
It is generally recognized that modulation of fatty acids' scenario of poultry products through dietary strategies is relatively easier than the reduction of cholesterol contents due to the complex mechanism of cholesterol biosynthesis, regulation, and its metabolism (Ting et al. 2011) . Previous data showed that citrus peel extracts, rich in pectins and flavonoids, cause lowering of cholesterol levels by modulating hepatic HMG-CoA levels, possibly by binding bile acids and increasing the turnover rate of blood and liver cholesterol (Bok et al. 1999) . From obtained result, it was observed that flavonvoids obtained from alfalfa showed higher lowering TC and LDL levels in the serum while increasing the level of HDL. These results indicated that the AF might play an important role in modulating the lipid metabolism. In human subjects, these were known to reduce the serum concentrations of CHO, apolipoprotein B, and TG, which are the building blocks of LDL (Roza et al. 2007 ). In our study, we also found a dose-dependent decrease in serum TC, TG, and LDL contents by the dietary levels of purified alfalfa bioflavonoids. As we known, LDL is a bad cholesterol because it is associated with atherosclerosis, which is the principal cause of coronary heart disease. Some studies have documented that bioflavonoids could decrease cholesterol synthesis by delaying ACAT activity in HepG2 cells (Borradaile et al. 1999) , which reduce the hepatic production of apo-B containing lipoproteins, thereby reducing the serum LDL concentration (Burnett et al. 1998) .
Oxidative stress is currently suggested as a mechanism underlying hyperlipidemia, and it has been implicated in the causation of ailments such as diabetes, cardiovascular, cancer, and aging. Antioxidant substrates from plants may offer resistance against the Fig. 3 . Results of relative protein expressions of LPL, PPARγ, ATGL, and FAS in liver (mean ± SEM, n = 6). Different uppercased or lowercased letters indicate that means differed significantly (P < 0.01 or P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 10 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids per kg diet. Fig. 4 . Results of relative protein expressions of LPL, PPARγ, ATGL, and FAS in adipose tissues (mean ± SEM, n = 6). Different uppercased or lowercased letters in the same column indicate that means differed significantly (P < 0.01 or P < 0.05). Fla0: basal diet; Fla5: basal diet + 5 mg flavonoids per kg diet; Fla10: basal diet + 10 mg flavonoids per kg diet; Fla15: basal diet + 15 mg flavonoids.
oxidative stress by scavenging-free radicals, inhibiting lipid peroxidation (Karou et al. 2005) . Flavonoids are a large group of ubiquitous molecules and possess antioxidant activities, their planar structure, number, and position of their hydroxyl groups, and are crucial for free-radical scavenger capacities and the inhibition of free-radical producing enzymes (Procházková et al. 2011) . In this study, we observed that inclusion of AF enhanced the T-AOC, CAT, SOD, and GSH-Px levels and decreased the MDA level in the serum in a dosedependent manner, and the 15 mg AF per kg diet was the best. This finding could be correlated with a recent study (Jiang et al. 2007 ), who reported a dose-dependent increase in the plasma total antioxidative activity of broilers by dietary levels of 10-80 mg kg −1 of soy flavonoids. Also, we previously reported that inclusion of aloe flavonoids in the diet enhanced the T-AOC and GSH-Px in hyperlipidemia mice ). Kamboh and Zhu (2013) demonstrated that a dose-dependent increase was observed for T-AOC, SOD plasma, while the cholesterol and triglyceride levels were decreased in the serum and breast muscle when supplemented different concentrations of the bioflavonoids. Sáyago-Ayerdi et al. (2009) proposed that polyphenol decreased the MDA level would be the result of polyphenol change that the Fe and Cu contents leading to the MDA production decreased. Many animal researches showed that inclusion of flavonoids in the diet could improve the meat quality and egg quality. Liu et al. (2013) reported that quercetin supplementation could improve the performance and egg quality. Liu et al. (2014) also found that quercetin supplementation could improve the performance, and this is because of quercetin could modulate the intestinal environment and liver superoxide dismutase content in laying hens. In this study, we found that inclusion of AF in the diet increased drip loss; Hu et al. (2012) found that broccoli stem and leaf meal (enriches quercetin and xanthophylls) improved the shank a value (redness) and decreased L values (lightness), also improved the b values (yellowness) in the shank and breast skin. Zhao et al. (2012) found that supplementation of flavones from sea buckthorn leaves increased the IMF content in thigh muscle and increased the dressed percentage.
Fatty acid synthase, which catalyzes the last step in the lipogenic pathway, is also a key determinant for the maximal capacity of a tissue to synthesize fatty acid; it is highly expressed in tissues such as liver, adipose, and lactating mammary glands. In normal physiological state, nutritional factors such as high-fat diet and hormone could regulate the enzyme activity and gene expression of the FAS (Rosebrough et al. 2011) . The level of FAS in the present study was lower in AF's treatment groups than in control group; in liver and adipose tissues in a dose-dependent manner, this is in accordance with previous studies demonstrating that Nelumbo nucifera leaf flavonoid-rich extract targets lipid-regulated enzymes and may be effective in attenuating body lipid accumulation and preventing obesity (Wu et al. 2010) .
Lipoprotein lipase, located on the capillary endothelium of extrahepatic tissue, catalyzes the ratelimiting step in the hydrolysis of TG from circulating CM and very-low density lipoprotein (VLDL) in adipose tissues (Goldberg 1996) . High expression of muscle LPL has been shown to be associated with the increased intramuscular triacylglycerol accumulation and fat deposition (Voshol et al. 2001) . In this experiment, inclusion of AF upregulated the LPL expression in liver and adipose tissues, and the effect in adipose tissues is the best. Also, inclusion of AF increased the LPL protein expression in the liver and adipose tissues, and the inclusion of 15 mg per kg is the best (P < 0.05). Researches demonstrated that lentinan (LNT)-reduced blood lipid of hyperlipidemia rats was mediated by improving the activities o f LPL and increases the level of HDL-C .
Peroxisome proliferator-activated diet receptor γ, a major nuclear receptor transcription factor for adipogenesis and lipogenesis, is predominantly expressed in adipose tissues and to a lesser extent in many tissues including liver (Tontonoz et al. 1994) . Many herbal or natural medicines that act as modulators of PPARs, have been reported to block intracellular lipid accumulation and lipogenesis and to improve insulin resistance (Cho et al. 2011 ). Citrus flavonoids have been shown to inhibit adipogenesis and to decrease adiposity which can be explained in part by regulating the PPAR expression levels both in vivo and in vitro (Cho et al. 2011; Kim et al. 2012) . The result in the present study showed that the expression of PPARγ in liver and adipose tissues in the high doses of AF-treated group significantly increased as compared with that in the positive group, indicating that normal expression of PPARγ in adipose tissue was critical for prevention of blood lipid levels in hyperlipidemia; this result is consistent with previous findings that suppressing PPARγ activity can inhibit adipocyte differentiation in vitro (Gong et al. 2009) , and other result showed that citrus-polymethoxylated flavonoids improve lipid and glucose homeostasis through regulating the expressions of PPARα and PPARγ.
Adipose triglyceride lipase (ATGL) is the rate-limiting enzyme of lipolysis in chicken adipose tissue. ATGLdeficient mice have higher accumulation of neutral lipids in most tissues, show a twofold increase in whole body fat mass, and contain enlarged adipose fat depots (Haemmerle et al. 2002) . It also demonstrated that ATGL is essential for the control of normal weight because overexpression of the ATGL homolog depleted fat stores and caused obesity (Haemmerle et al. 2006) . Lee et al. (2009) found that the ATGL mRNA was mainly expressed in the subcutaneous and abdominal adipose tissues but was very low in the muscle, heart, lung, liver, and kidney in chicken. It was demonstrated that ATGL mRNA expressions in the liver and adipose tissues were enhanced when they supplemented the AF in the diet; also the protein expressions in the liver and adipose tissues were increased, but no significant difference was observed in the liver (P > 0.05), this consisted with the results of Serr et al. (2009) who reported that the expression of the chicken ATGL is adipose specific, while the increasing fold was not consisted with mRNA level; the mechanism for this may be the posttranslational modification of the protein.
Conclusions
In our experiment, AF were found to be effective for average daily gain and breast percentage promotion, meat quality, and antioxidant activity improvement via upregulating the LPL, ATGL, and PPARγ, and downregulating the FAS expression in adipose and liver tissues. As such, these coordinated responses of the AF supplement appear to play an important role in regulating the lipid and oxidative metabolism in chickens.
